In this study, the cooling performance of a C/C composite material structure with metallic cooling tubes fixed by elastic force without chemical bonding was evaluated experimentally using combustion gas in a rocket combustor. The C/C composite chamber was covered by a stainless steel outer shell to maintain its airtightness. Gaseous hydrogen as a fuel and gaseous oxygen as an oxidizer were used for the heating test. The surface of these C/C composites was maintained below 1500 K when the combustion gas temperature was about 2800 K and the heat flux to the combustion chamber wall was about 9 MW/m 2 . No thermal damage was observed on the stainless steel tubes that were in contact with the C/C composite materials. The results of the heating test showed that such a metallic tube-cooled C/C composite structure is able to control the surface temperature as a cooling structure (also as a heat exchanger) as well as indicated the possibility of reducing the amount of coolant even if the thermal load to the engine is high. Thus, application of this metallic tube-cooled C/C composite structure to reusable engines such as a rocket-ramjet combined-cycle engine is expected.
Nomenclature
ΔT sat : Degree of superheat [K] ηC* : C* efficiency λ : Thermal conductivity [W/(m·K)]
Introduction
Because it has a superior specific strength under high temperature conditions, carbon/carbon (C/C) composite is a candidate material for the engine walls of airbreathing engines such as the rocket-ramjet combined-cycle engine as well as for the extendible nozzle of a rocket engine and for turbine blades to increase the efficiency of a gas turbine generator. It is especially important to use materials with a high specific strength under high temperature conditions for the rocket-ramjet combined-cycle engine shown in Fig. 1 because the engine is very large. However, since C/C composites are actively oxidized in high temperature air, an oxidation-resistant layer on the surface is required for their use in such air. To protect their surfaces, chemical vapor deposition (CVD) is usually used to coat C/C composites with silicon-carbide (SiC). However, since the heat-resistant temperature of the SiC coating used for oxidation resistance of a C/C composite is about 1800 K in practical use in an oxidative environment, a cooled structure is considered to be necessary when the C/C composite is applied to an engine wall exposed to combustion gas with a temperature of about 3000 K.
Although some studies have been conducted on a cooled C/C composite structure, details of such a structure and its . In the present study, we examined a C/C composite structure cooled by metallic tubes as the coolant path. These tubes were fixed to the C/C composite by the elastic force of the materials, without any chemical bonding. In a previous study, such a structure was reported to have sufficient cooling performance for small specimens 5) . Numerical analysis indicated that it is possible to cool the surface of the C/C composite to below 2000 K under the conditions of a heat flux of 6 MW/m 2 and an environmental temperature of 3000 K.
In the present study, the cooling characteristics and the performance of the metallic tube-cooled C/C composite structure were clarified by exposure to combustion gas, the temperature of which ranged from 1900 K to 3000 K in the rocket combustor.
Experimental

Heating apparatus and structure of C/C composite cooled with metallic tubes
A rocket combustor was used for the evaluation of the cooling characteristics of the metallic tube-cooled C/C composite structure of this study (Fig. 2) . Paquette et al. tested a cooled CMC structure exposed to exhaust gases from a rocket combustor nozzle. Although their exposure test simulated the actual flow in a scramjet engine model, the heating apparatus and cooled structure tend to enlarge in such a case. In our case, however, the cooled C/C composite structure was placed inside the rocket combustor because our objective was to determine its cooling characteristics. The temperature of the combustion gas in the rocket chamber could be estimated by an ODE (one-dimensional equilibrium) calculation and C* efficiency.
The heating apparatus consisted of an injector, a water-cooled copper alloy combustor, a cooled C/C composite, and a water-cooled nozzle throat. The inner shell of the combustor and the nozzle throat were made of copper alloy, and the outer shell was stainless steel. The water coolant flowed around the circumference of the chamber. A shower head-type injector was adopted. Gaseous hydrogen and gaseous oxygen were used. The oxidizer/fuel mixture ratio was controlled from 2 to 8.
The cooled C/C composite structure had two inner shells of the C/C composite surrounded by 8 stainless steel cooling tubes. Bolts were used to press the stainless tubes against the C/C composite inner shell. Figure 3 shows a test piece of the C/C composite inner shell. A laminate-type 2D-C/C composite material was used. Table 1 shows the mechanical and thermal properties of this C/C composite. The inner shell of the C/C composite had 8 hemicircular grooves that encased the stainless steel cooling tubes. The U-shaped stainless tube was 6.35 mm in diameter, with a wall thickness of 0.5 mm. The length of the tube in contact with the C/C composite was 72 mm. The stainless outer shell around the C/C composite was used to maintain the airtightness becausethe C/C composite is not airtight. Thermocouples were used to measure the temperature of the C/C composite. The cooled C/C composite structure can be replaced by a water-cooled copper alloy chamber of the same length. Figure 4 shows a general view of the combustor with a copper alloy chamber instead of the cooled C/C composite structure. The distribution of the heat flux to this copper alloy chamber can be measured in the same region as that in the case of the C/C composite chamber 6) . The heat flux was calculated on the basis of the temperature rise of the water coolant. Thermocouples were used to measure the wall temperature of the copper alloy chamber 1.5 mm from the internal surface.
Heat flux as a test condition
The temperature of the combustion gas and the distribution of the heat flux to the chamber wall depend on the mixture ratio of oxidizer/fuel, the chamber pressure, and the combustion efficiency of the rocket combustor. Therefore, the test conditions of the rocket combustor were investigated prior to the heating tests 6) . The copper alloy chamber was used to investigate the heat flux distribution in the same region where the C/C composite cooled structure was installed. The effects of the mixture ratio and chamber pressure on the heat flux distribution were determined with this copper alloy chamber.
The real temperature of the combustion gas T gas,exp can be estimated by the following Eq. (1):
(1) Figure 5 shows the heating conditions obtained using the copper alloy combustion chamber. It was clarified that the C/C composite can be exposed to high temperature gas from 1900 K to 3200 K and a heat flux from 3 MW/m 2 to 10 MW/m 2 by changing the mixture ratio of oxidizer/fuel and the chamber pressure.
Evaluation test of the performance and characteristics of the metallic tube-cooled C/C composite structure
Heating tests for evaluation were performed under the conditions of an O/F ratio of 2 to 4 and a P c of 1 to 3 MPa. These conditions correspond to heat fluxes to the copper alloy chamber of about 3.2 to 8.7 MW/m 2 and combustion gas temperatures of 1950 to 2900 K. The testing time was 80 s, in expectation of the wall temperature reaching a steady state. The testing time was determined by a preliminary test of 120 s. The water coolant flow rate for the cooling structure of the C/C composite was 0.15 L/s.
Experimental results
Heating test
Figures 6(a), 6(b), and 6(c) show overviews of the cooled chamber before, during, and after the heating test, respectively. In Fig. 6(c) , the C/C composite inside the chamber is seen to be red hot, indicating that its surface temperature was very high. Figure 7 shows the time histories of the chamber pressure and the mixture ratio under the conditions of P c = 3 MPa and O/F = 4, as an example. The combustion was steady state during the heating tests, and the chamber pressure and mixture ratio were almost constant. The C* efficiency was 0.94 in this case. The combustion gas temperature was estimated to be about 2750 K in the combustion chamber. , and T c,4R positions, the C/C composite was not sufficiently cooled by the cooling tubes because the temperatures at the T c,4L and T c,4R positions were higher than those at the T c,3L and T c,3R positions. However, the condition was close to the steady state because the temperature rise was very small. It is thought that both ends of the C/C composite were cooled by the copper alloy combustion chambers. Figure 7 also shows that the temperature at the T c,4R position decreased suddenly. Since the wall of the C/C composite inner shell suffered tremendous partial oxidation, which resulted in thinning, the tip of the thermocouple was melted by the combustion gas. Figure 8 shows the cooling tubes and the test piece of the C/C composite inner shell in the cooling structure after the heating test. No thermal damage, no discoloration, and no deformation were observed on the tube surfaces. Figure 9 shows the wall temperature of the C/C composite inner shell measured at 3 mm from the surface. The horizontal axis is the value of the heat flux to the copper alloy chamber cooled by water coolant. Although the temperature of the combustion gas varied with the test conditions, the effect of the gas temperature on the wall temperature of the C/C composite was small. On the other hand, the wall temperature of the C/C composite increased depending on the heat flux. Figure 9 also shows the wall temperature of the copper alloy chamber obtained under the same test conditions. In the case of the water coolant, the wall temperature on the cooling passage side is determined by the pressure of the water coolant because the water boils on the wall surface. Therefore, the temperature rise of the wall was proportional to the heat flux. In the case of the C/C composite chamber, a result was obtained similar to that when the temperature rise of the wall was proportional to the heat flux. Thus, it is thought that the inner wall temperature of the cooling tubes was a certain constant temperature that depended on the pressure of the coolant water 7) when the combustion chamber was made of the C/C composite. Figure 10 shows the heat flux distributions of the copper alloy combustion chamber and the nozzle throat chamber obtained in the heating test, as a sample. The heat flux distributions of the copper alloy chamber obtained before the heating tests for purposes of comparison are also shown in Fig. 10. Figure 10 shows that the heat flux increased in the regions of 50 mm to 90 mm and 240 mm to 275 mm. Heat flow from the C/C composite test pieces to both the cooling tubes and the upstream and downstream chamber walls of the copper alloy combustor is thought to have occurred because the temperature of the C/C composite inner shells was elevated during the heating test. It was estimated that the heat flow to the upstream chamber wall was about 3840 W/s and that that to the chamber wall of the nozzle throat was about 18000 W/s. Figure 11 shows the heat flux to the C/C composite calculated by the flow rate and temperature rise of the water coolant. The total heat received by the water coolant of the eight cooling tubes was 57800 W/s. As the quantity of heat to the copper alloy chamber was 21840 W/s, 28% of the cooling of the C/C composite test pieces was accomplished by the copper alloy chambers and the other 72% was accomplished by the metallic tubes. Figure 11 also shows that the quantity of heat in each channel varied. It is thought that the nonuniform combustion in the chamber or the nonuniform contact pressure between each cooling tube and the C/C composite inner shell caused the difference. The mean heat flux from the combustion gas to the C/C composite inner shell calculated from the experimental results was 2.59 MW/m 2 in the above case. The heat flux to the C/C composite inner shell from the combustion gas was less than half that to the copper alloy chamber. Because the surface temperature of the C/C composite inner shell was higher than that of the copper alloy chamber, the heat flux decreased.
Wall temperature
Distribution of heat flux
The mean heat flux to the C/C composite combustor under all of the experimental conditions is shown in Fig. 12 in comparison with that to the copper alloy chamber under the same conditions. This result shows that the flow rate of the coolant in the engine can be decreased, though it becomes disadvantageous for the heat exchanger. In the case of hypersonic vehicles, such as an aerospace plane, surplus coolant can be used to cool the airframe and the leading edge.
In addition, the most important factor is that the heat flux distribution for the engine model of the C/C composite can be predicted if the heat flux distribution of a copper engine model is obtained.
Discussion
Estimation of tube surface temperature
Because it was estimated that nucleate boiling of the coolant water occurred at the surface of the tube, the inner surface temperature was calculated using Thom's equation 7) (2) and Eq. (3) as follows: Figure 13 shows the effect of the heat flux to the C/C composite on the outer surface temperature of the tubes. This result indicates that the surface temperature of the tubes was below 700 K under the highest heat load condition, which for the heat flux condition to the copper alloy chamber was 9 MW/m 2 . Because the ultimate tensile strength of the stainless steel at 700 K is about 450 MPa, it is thought that the cooling tubes have sufficient strength at this temperature. Figure 14 shows an example of the temperature distribution calculated by a numerical analysis of the C/C composite inner shell. Since the cooled C/C composite structure had a symmetrical temperature distribution, calculations were made for one-sixteenth of the whole. Here, the maximum surface temperature of the C/C composite cooled structure was calculated by using the heat flux data, the temperature of the C/C composite inner shell measured by thermocouples, and the estimated temperature of the tube surface. In the case shown in Fig. 14, a stainless tube outer surface temperature of 700 K and a heat flux from the combustion gas to the C/C composite of 2.59 MW/m 2 were used for boundary conditions. The thermal properties of the C/C composite are as shown in Table 1 . Because the heat transfer coefficient was uncertain in this test, it was decided to agree to the temperature of the C/C composite at the measurement point of the thermocouple. Figure 15 shows the effect of the heat flux on the maximum surface temperature of the C/C composite inner shell. The maximum temperature of the C/C composite inner shell was lower than 1500 K in a case where the combustion gas was at a temperature of 2750 K and the heat flux corresponded to the 8.7 MW/m 2 heat flux to the copper alloy chamber.
Estimation of the surface temperature of the C/C composite inner shell
This result shows the possibility that the surface temperature can be controlled to a level lower than 1700 K, a temperature at which the SiC coating can be expected to have a long life. Therefore, the lifetime of a cooled C/C composite structure coated with an SiC coating will be long even if the structure is subjected to a high-temperature, oxidizing environment. Thus, it is expected that combined-cycle engines, aero-spike nozzles, and so on for reusable aerospace vehicles will be made lighter by using the cooling structure evaluated in this study.
Conclusions
In this study, the cooling performance of a metallic-tube-cooled C/C composite structure with tubes fixed by elastic force without chemical bonding in a rocket combustor was evaluated experimentally using combustion gas. The following conclusions were obtained: 1. This structure was shown to be able to cool the surface of the C/C composite sufficiently by water-cooled metallic tubes fixed by elastic force under an estimated gas temperature of 2750 K and a heat flux corresponding to that of the 8.7 MW/m 2 to a copper alloy chamber.
2. The surface temperature of the tubes in contact with the C/C composite was estimated to be below 700 K when the heat flux to the C/C composite was 2.75 MW/m 2 , corresponding to that of 8.7 MW/m 2 to the copper alloy chamber. 3. In the case of the cooling structure of the C/C composite, the possibility was indicated that the heat flux from the combustion gas to the C/C composite can be estimated using the data for the heat flux to the copper alloy chamber. 4. No damage and no discoloration on the surface of the stainless steel cooling tubes were observed after the heating test.
